Background {#Sec1}
==========

Wheat (*Triticum aestivum* L.) is one of the most important cereal crops globally. It feeds more than a third of the human population around the world. The genome of bread wheat is an allohexaploid which contains three different genomes A, B, and D \[[@CR1]--[@CR3]\]. Generally, the genetic analysis of the wheat genome is very complex due to the polyploidy nature and the large genome size. The wheat genome is larger than *Arabidopsis thaliana* (\~ 120 times), and *Oryza sativa* L. (\~ 40 times) \[[@CR4]--[@CR6]\]. To well understand the complexity of the wheat genome, it is required to use good type of molecular markers which reduces the size of this genome by digesting it to multiple parts using restriction enzymes.

Generally, there are many types of molecular markers which could be used in various genetic analysis such as genetic diversity, genome-wide association studies, fingerprinting, evolutionary origin, and breeding applications. The most common type of markers is single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) \[[@CR7]\]. However, by comparing SNPs and SSR markers, it was found that SNPs are excellent markers for studies that require a high number of markers such as association studies, QTL mapping, population structure, and genomic selection \[[@CR8]--[@CR12]\]. Recently, new techniques of sequencing have been developed to produce high-density genome-wide markers. Genotyping-by-sequencing (GBS) is one of these techniques which uses two different types of restriction enzymes (*PstI/MspI*) to reduce the complexity of large genomes such as wheat \[[@CR13], [@CR14]\]. Using the GBS technique provides many advantages such as; low cost, fewer purification steps, and easy sample handling \[[@CR15]\].

Understanding the linkage disequilibrium (LD) between marker pairs is very important in association mapping studies as it determines the resolution of the association \[[@CR16]\]. For example, if the LD rapidly decays, the resolution of the association will be high and vice versa \[[@CR17]\]. Many previous studies discussed the relationship between LD decay and the resolution of association mapping in the wheat genome using different kinds of markers such as SSR and DArT and found that the LD varied among different wheat populations \[[@CR18]--[@CR21]\]. To achieve a high-resolution association mapping, a large number of markers should be used. GBS method produces such a high number of markers distributed across the genome.

As wheat is one of the most important crops globally, it is very important to study the global genetic variation. This requires the collection of cultivars from different countries. The USDA-ARS national plant germplasm system is a good resource for plant breeders worldwide as it contains a large number of accessions of wheat (\~ 58,000) which have been collected starting from 1897. In 1995, the number of NSGC core accessions has been reduced to only 10% of the total number of the collected accessions following Brown 1989 \[[@CR22]\] outline as described in Bonman et.al \[[@CR23]\].. Following this outline, a collection of wheat accessions from all countries has resulted. This core collection, or a sample from it, could be considered as an ideal collection to study the genetic diversity of worldwide wheat germplasm. Consequently, understanding the genetic diversity in wheat germplasm is critical in breeding programs as it enables the wheat breeders to select the appropriate parents for the different breeding purposes. It is also very important in further breeding studies such as marker-assisted selection (MAS), genome-wide association studies (GWAS), and genomic selection. In the current study 103 spring genotypes representing 14 countries were collected from USDA gene bank and tested for their agronomic traits under the Egyptian conditions to increase the genetic diversity of adapted wheat genotypes in Egypt.

The objectives from this study were to (1) understand the genetic diversity and population structure in spring wheat using 103-accessions representing different countries worldwide, (2) compare the genetic properties among subpopulations, and (3) determine the patterns of linkage disequilibrium (LD).

Results {#Sec2}
=======

Distribution of SNP markers across the different wheat genomes {#Sec3}
--------------------------------------------------------------

The total number of GBS derived SNPs from the tested genotypes was 287,798 SNPs. After quality filtering, the total number of high-quality SNPs was 36,720 which were well distributed across the genome (Fig. [1](#Fig1){ref-type="fig"}). The highest number of SNPs was located on genome B with a percentage of 41% (15,172 SNPs) while, the lowest number of SNPs located on genome D with a percentage of 19% (7119 SNPs). There were 1161 SNPs located within scaffolds with an unknown chromosomal location. The number of SNPs/chromosome (Chro.) ranged from 367 SNPs (4D Chro.) to 2764 SNPs (2B Chro.). Fig. 1The distribution of the 36,720 SNPs across the 21 chromosomes in the 103-spring wheat panel

Genetic diversity and the polymorphism information content (PIC) {#Sec4}
----------------------------------------------------------------

The PIC value across chromosomes ranged from 0.1 (1598 SNPs) to 0.4 (6836 SNPs) with an average of 0.24 (Fig. [2](#Fig2){ref-type="fig"}a). Gene diversity (GD) ranged from 0.1 (829 SNPs) to 0.5 (10,554 SNPs) with an average of 0.29. The percentage of heterozygosity extended from 0% (842 SNPs) to 100% (18 SNPs) with an average of 0.15, respectively (Fig. [2](#Fig2){ref-type="fig"}b and c). Minor allele frequency ranged from 0.1 (10,286 SNPs) to 0.5 (4384 SNPs) with an average of 0.21 (Fig. [2](#Fig2){ref-type="fig"}d). Fig. 2The distribution of polymorphic information content (PIC) (**a**), gene diversity (**b**), percentage of heterozygosity (**c**), and minor allele frequency (**d**) for the 37,295 SNP markers in the 103-spring wheat panel

Population structure and relationships {#Sec5}
--------------------------------------

The STRUCTURE analysis software was used to identify the number of subpopulations in the tested 103 genotypes (Fig. [3](#Fig3){ref-type="fig"}). The number of clusters (*K*) was plotted against Δ*K* to identify the suitable number of subpopulations. The largest Δ*K* value was observed at *K* = 3 suggesting the presence of three subpopulations in the tested genotypes (Fig. [3](#Fig3){ref-type="fig"}a and b). As illustrated in Fig. [3](#Fig3){ref-type="fig"}c, there is a continuous-gradual increase in the assessed log-likelihood with the increase in the number of *K* confirming the presence of three subpopulations in the tested genotypes with the highest probability. The three groups consist of 48, 46, and nine genotypes for the red, blue, and green group, respectively (Fig. [3](#Fig3){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). By comparing the results of STRUCTURE software and the principle coordinate analysis, we found that both are in agreement and dividing the tested genotypes into three groups (Fig. [4](#Fig4){ref-type="fig"} a and b). Based on both analyses, the first group (48 genotypes) contained all of the genotypes from Australia, Germany, Greece, and Kenya while, the second subpopulation (46 genotypes) contained the genotypes from Algeria, Ethiopia, and Tunisia. The genotypes from the remaining countries such as Egypt, Afghanistan, Canada, Iran, Kazakhstan, Morocco, Saudi Arabia, and Oman were distributed among the three groups. For example, most of the Egyptian genotypes belonged to the first group except for six genotypes that belonged to the third group. The percentage of the membership of each country in the three subpopulations is presented in Table [2](#Tab2){ref-type="table"}. Fig. 3Analysis of population structure using 36,720 SNP markers: (**a**) estimated population structure of 103-spring wheat genotypes (k = 3). The y-axis is the sub-population membership, and the x-axis is the genotypes, and (**b**) delta (Δ) K for different numbers of sub-populations, and (**c**) the average of log-likelihood valueTable 1STRUCTURE analysis of 103-spring wheat genotypes for the fixation index (Fst) (significant divergences), average distance (expected heterozygosity) and number of genotypes in each subpopulationSubpopulationFst ^**a**^Exp. Hetero ^**b**^No of genotypes**Subpopulation 1**0.19840.267148**Subpopulation 2**0.61420.177646**Subpopulation 3**0.30900.23259^a^Fst is a measure of genetic differentiation; ^b^Expected heterozygosityFig. 4**a** Principle coordinates analysis (PCoA) based on genetic distance (SNPs), **b** Dendrogram analysis based on the genetic distance calculated by UPGMATable 2The percentage of the membership of each country in the three subpopulationsCountrySubpopulation 1Subpopulation 2Subpopulation 3Number of genotypes**Afghanistan**11.1188.890.009**Algeria**0.00100.000.001**Australia**100.000.000.001**Canada**80.0020.000.005**Egypt**64.710.0035.2917**Ethiopia**0.00100.000.001**Germany**100.000.000.002**Greece**100.000.000.003**Iran**7.1492.860.0014**Kazakhstan**75.0025.000.008**Kenya**100.000.000.005**Morocco**64.2935.710.0014**Oman**0.0087.5012.508**Saudi Arabia**28.5771.430.007**Tunisia**0.001000.001**Unknown countries**42.8628.5728.577

Significant genetic differentiation was found among the three subpopulations and expected heterozygosity (average distance) among genotypes in each subpopulation (Table [1](#Tab1){ref-type="table"}). Subpopulation 1 had the highest value of expected heterozygosity with a value of 0.2671, followed by the third subpopulation (0.23526) and the second subpopulation (0.1776). The Fixation index (Fst) could be considered as the best index for the determination of the overall genetic variation among subpopulations. In our studied materials, the highest genetic variation was found in subpopulation 2 with the Fst value of 0.6142. While subpopulation 1 showed lower genetic variation among its genotypes with the Fst value of 0.1984 (Table [1](#Tab1){ref-type="table"}). The analysis of kinship is illustrated as a genetic clustering and indicated that the current panel of genotypes was divided into three possible subgroups, with considerable genetic differences among the genotypes (Fig. [5](#Fig5){ref-type="fig"}). Fig. 5Heat map of kinship matrix with the dendogram shown on the top and left based on the 36,720 SNP markers

Genetic differentiation of populations {#Sec6}
--------------------------------------

The three subpopulations identified based on STRUCTURE analysis were used to calculate the AMOVA and genetic diversity indices in GenAlex 6.41 software. A significant variation within and among the subpopulations was found based on the AMOVA results. The total variation between the tested genotypes could be classified into two parts; variation among subpopulations with a percentage of 15%, and variation within subpopulations with a percentage of 85% (Table [3](#Tab3){ref-type="table"}). The haploid number of migrants (Nm) was 2.90 indicating that there is a high gene exchange among subpopulations. Table 3Analysis of molecular variance using 36,720 SNPs and the genetic differentiation among the three subpopulations of the 103-spring wheat panelSourcedfSSMSEst. Var.%***P*** value**Among Pops**247,935.15623,967.578676.092150.001**Within pops**100392,111.0583921.1113921.111850.001**Total**102440,046.2144597.2031000.001**Nm (haploid)**2.900

The allelic pattern across the populations {#Sec7}
------------------------------------------

The average number of different alleles (Na) and effective alleles (Ne) were 2.528 and 1.781, respectively (Table [4](#Tab4){ref-type="table"}). The Shannon index (*I*), the diversity index (*h*), and the unbiased diversity index (*uh*) had average values of 0.636, 0.384, and 0.403 based on the average of the three subpopulations (Table [4](#Tab4){ref-type="table"}). Based on all allelic patterns, subpopulation 1 was the most diverse subpopulation when compared to subpopulations 2 and 3 as it has higher numbers of all the diversity indices. Subpopulation 3 was the least diverse subpopulation based on all indices as might be expected with its low number of lines. The percentage of polymorphic loci within subpopulations was 99.71, 99.39, and 64.84 for the first, second, and third subpopulation, respectively with an average of 87.99%. Table 4Mean of different genetic parameters including number of different alleles (*Na*), number of effective allele (*Ne*), Shannon's index (*l*), diversity index (*h*), unbiased diversity index (*uh*), and percentage of polymorphic loci (*PPL*) in each subpopulation of the 103-genotypesSubpopulations*NaNeIhuhPPL***Subpopulation 1**2.8971.9940.7820.4710.48299.71**Subpopulation 2**2.8691.9210.0020.4450.45799.39**Subpopulation 3**1.8161.4290.3800.2360.27164.87**Mean**2.5281.7810.6360.3840.40387.99

Evaluation of linkage disequilibrium {#Sec8}
------------------------------------

The analysis of linkage disequilibrium showed that the LD decayed with the genetic distance (Supplementary Fig. [1](#MOESM2){ref-type="media"}). The values of *R*^2^ revealed that there is no high LD among the 36,720 SNP pairs in the tested genotypes with an average value of 0.138 (Table [5](#Tab5){ref-type="table"}). However, it was more useful to test the LD between each pair of SNPs located on the same chromosome and determine the average of the LD in each genome to identify the pattern of LD in the three genomes. Table [5](#Tab5){ref-type="table"} represents the average LD/chromosome and the number of significant and nonsignificant LD between each pair of SNPs located on the same chromosome. At the genome level, the highest LD was found in the D genome with an average of 0.1853, while the LD on both A and B genomes was almost the same with an average of 0.1189 and 0.1124, respectively. The LD within each genome ranged from 0.106 (1A) to 0.125 (4A), 0.098 (6B) to 0.122 (4B) and 0.167 (4D) to 0.241 (2D). The significance of LD between each SNP pair located on the same chromosome was tested using Bonferroni correction (α = 0.01). The D Genome contained the highest significant LD based on the average of chromosomes with *R*^2^ = 0.887 followed by genomes A and B with an average *R*^2^ of 0.818 and 0.815, respectively. Likewise, the highest LD as an average of all SNP pairs with non-significant LD was found in genome D (0.149), while the LD average of non-significant markers was approximately the same in genome A and B with an average of \~ 0.084. Table 5Linkage disequilibrium between SNP markers located on the same chromosome and genomeChromosomeR\^2Number sig. LDAverage Sig. LDPercentage of sig. R\^2Number non sig. LDAverage non sig. LDNo. of sig. LD/ No. of non sig. LD1A0.10669627526730.7735706524.655,9650.0748450240.052A0.11788977529730.795942354.858,9190.0836758490.053A0.11288765118760.8523278613.454,0320.0872141640.034A0.12525751525900.8621616934.653,1480.0893468160.055A0.12542844434190.8093048246.252,1530.0805954840.076A0.12007485128290.7949866335.944,8460.0774996960.067A0.12446899434820.8357559583.986,6680.0958921120.04mean0.11895764419,8420.8177214254.7405,7310.0841527350.051B0.11442503727670.8048642243.968,1960.0864110.042B0.10841467529790.8213971053.485,4940.0835711220.033B0.11563302433430.7972725824.080,5960.0873596480.044B0.12241009815200.8376385814.036,1030.0922977170.045B0.10613355531510.8280765294.272,3500.0746928340.046B0.09844677825430.7996706543.472,6690.0739079470.037B0.12148330333970.8144415984.867,7840.0867556490.05mean0.11242092419,7000.8147658963.9483,1920.0835708450.041D0.18630863215590.8592024586.323,3710.1414221720.072D0.24087800729860.9291595187.736,0410.1838538240.083D0.20607553213200.9014965416.419,4220.1588118240.074D0.166163492390.9057660163.762440.1378539110.045D0.1786337595050.898307233.613,6990.1521037130.046D0.1453980466060.8186217153.019,7550.1247463880.037D0.17358572511340.8934503953.729,6930.1460935030.04mean0.18529188483490.8865719825.3148,2250.1492693340.06Genome mean0.137984

The ratio between the number of significant LD and the number of nonsignificant LD could be arranged from higher to lower as follows; 0.06, 0.05, and 0.04 for genome D, genome A, and genome B respectively. At the chromosome level, chromosomes 2D, 5A, and 7B had the highest ratios between the number of significant and non-significant LD with values of 0.08, 0.07, and 0.05, respectively. The R^2^ between each pair of markers was plotted against genetic distance (kb). The LD decay in each genome is illustrated in Fig. [6](#Fig6){ref-type="fig"} and whole-genome in Supplementary Figure [1](#MOESM2){ref-type="media"}. The LD decay in the D genome was slower than the LD decay in A and B genomes. The LD decay in A genome was slower than the B genome (Fig. [6](#Fig6){ref-type="fig"}a-d). The number of haplotype blocks was investigated for the highest three chromosomes. Chromosome 2D was found to contain 28 haplotype blocks followed by chromosome 5A and 7B which contain 12 and 11 blocks, respectively (Supplementary figure [2](#MOESM3){ref-type="media"}). Fig. 6The rate of linkage disequilibrium (LD) decay of the genome A (**a**.), genome B (**b**.) and genome D (**c**.) of the 103-spring wheat based on the 36,720 SNP markers. (**d**.) comparison between LD decay (distance) among the three genomes

Discussion {#Sec9}
==========

The studied wheat genotypes were collected from different countries representing five of the world continents (Africa, Europe, Asia, North America, and Australia) which enable us to estimate wheat genetic diversity in the studied countries. The study was conducted using 36,720 SNPs which were well distributed across the three hexaploid wheat genomes (A, B, and D). The highest number of SNPs were found on genome B (41%), while the lowest number of SNPs were found on genome D (19%) indicating that genome D is the least diverse wheat genome (Fig. [1](#Fig1){ref-type="fig"}). The D genome was reported to be the least diverse genome in previous studies which used different types of markers such as GBS-SNPs, RFLP, SSR, AFLP, and DArT markers \[[@CR24]--[@CR30]\]. Dubcovsky and Dvorak \[[@CR1]\] concluded that the proportion of diversity in *Triticum aestivum* L. resulted in the polyploid nature of its tetraploid ancestor with AABB. This conclusion could be a good explanation of the high level of diversity among hexaploid wheat genotypes and the high number of SNPs in the A and B genomes.

The PIC values and genetic diversity are very helpful parameters to measure the polymorphism between the genotypes used in breeding programs. Generally, for multi-locus markers such as SSR markers, the PIC values range from 0 to 1.0. According to Botstein et.al \[[@CR31], [@CR32]\], multi-allelic markers could be classified into three categories based on their PIC values. These three categories are: (1) highly informative markers with PIC values higher than 0.5, (2) moderately informative marker with PIC value ranging from 0.25 to 0.5, and (3) slightly informative markers with PIC values less than 0.25. However, for the bi-allelic markers like SNPs, the highest PIC value is 0.5. As a result of this bi-allelic nature, SNP markers could be considered as moderate to low informative markers. The average PIC value obtained in this study is 0.24 which is similar to PIC values in previous studies \[[@CR24], [@CR33]\]. This PIC value was reported as a good indicator of informative markers which could be used in studying the genetic diversity in the different organisms \[[@CR34]\]. Based on the PIC values in our tested population and the good distribution of the studied SNP markers, we can conclude that these markers explained the genetic diversity in spring wheat and could be used in other genetic studies such as genome-wide association study to identify alleles controlling target traits.

Population structure and relationships {#Sec10}
--------------------------------------

Studying the population structure is very helpful in understanding the genetic diversity of the tested genotypes. This is the first step in conducting the association mapping studies. In our tested materials, STRUCTURE analysis, as well as the PCoA, confirmed the presence of three subpopulations. In each subpopulation, there were genotypes from different countries and continents. This result was expected due to the continuous gene flow of wheat genotypes among the different countries historically to the present. This exchange resulted in the presence of diverse genetic backgrounds in the same country, and thus the presence of genotypes from different countries in the same subpopulation. The majority of genotypes from Afghanistan, Iran, Oman, and Saudi Arabia were clustered together in subpopulation 2, while, the majority of genotypes from Egypt, Canada, Kazakhstan, and Morocco were grouped in subpopulation 1. Genotypes from Germany, Greece, and Kenya were grouped in only one subpopulation. This information is very important in selecting the candidate parents for target traits in breeding programs as genetic distance should be highly considered. Genetic diversity between two genotypes from two different countries representing two different continents may be very low and not useful to use such parents in breeding programs. Understanding this presence of population structure in the tested 103-spring wheat genotypes is very important. It must be taken into account before conducting genome-wide association studies (GWAS) as it could result in a superior association between the studied trait and the GBS-derived SNPs \[[@CR35]\].

Genetic differentiation of populations {#Sec11}
--------------------------------------

The result of AMOVA indicated the presence of highly significant genetic diversity among the three subpopulations (Table [2](#Tab2){ref-type="table"}). The high level of genetic diversity within the subpopulations could be due to the selection for specific traits that have been done by the wheat breeders in the different countries for specifically targeted traits. In addition, each subpopulation had wheat genotypes from different countries. While the low level of genetic diversity among the populations (15%) could be due to gene flow resulted from the wheat germplasm flow among the different regions. Therefore, it could be more useful to select genotypes as parents, in the breeding programs for improving target traits, from the same subpopulation than selecting from different subpopulations. However, this may change depending on the breeding goals. Making crosses among genotypes from different subpopulations may be required to incorporate haplotypes from different founder populations. Similar results of high genetic diversity within the subpopulations and low diversity among the subpopulations were found in winter and synthetic wheat genotypes \[[@CR24], [@CR36]\]. In order to identify the level of gene flow among the subpopulation, Nm (haploid) was calculated. It was reported that, if the Nm (haploid) value was 1.00 or lower, this indicates the low level of gene flow \[[@CR37]\]. In our tested materials, Nm (haploid) was 2.900 which is much higher than 1.00 indicating the high level of gene flow between the subpopulations. This result supports the distribution of the genotypes from one country in the three subpopulations in the tested plant material.

Based on all the allelic pattern indices (*Na*, *Ne*, *I*, *h*, *uh,* and *PPL*) among the three subpopulations, subpopulation 1 is the most diverse subpopulation as it shows the highest values of all the indices. This result is expected as this subpopulation contains genotypes from 11 different countries compared with the other two subpopulations which contain genotypes from ten and two different countries, respectively (Supplementary Table [1](#MOESM1){ref-type="media"}). Based on these results, we can conclude that the studied 103-spring wheat genotypes, especially subpopulation 1, provide a broad and useful source of genetic diversity in wheat. This set of genotypes could be used in future breeding programs to increase the genetic diversity among wheat genotypes. Increasing genetic diversity is very useful in conducting genome-wide association studies (GWAS) and marker-assisted selection (MAS) for identifying genes controlling important traits in wheat. Moreover, selection among the genotypes in subpopulation 1 for target traits will be fruitful for the genetic improvement of wheat.

Linkage disequilibrium and kinship between the studied genotypes {#Sec12}
----------------------------------------------------------------

The determination of the LD magnitude and decay is very important as they affect the resolution of association mapping and the SNP markers required for conducting association studies \[[@CR16]\]. The extent of LD differs across genomes in many species. As wheat has three different genomes, we analyzed the LD decay in each genome. The LD decay was estimated when the values of LD declined below 0.1 based on the curve of the nonlinear logarithmic trend line. The LD decayed in genome D at higher distances than genomes A and B. The lowest rate of LD decay was observed in genome B. This result suggested that fewer markers are needed to detect target QTLs located on genome D using GWAS than those needed for detecting QTLs on the other genomes \[[@CR38]\]. By looking at the number of markers in each genome, the D genome had the lowest number of SNPs (20%) followed by genomes A and B, respectively. This indicates that the current set of material and SNPs are very appropriate to conduct GWAS to identify alleles associated with target traits in wheat. The high and low LD found across the three genomes provide a high chance to detect target QTL with large and small effects in the current materials \[[@CR39]\]. The same results of LD decay pattern across the three genomes of wheat were reported by Liu et al. (2017) and Ayana et al. (2018) \[[@CR38], [@CR40]\].

Interestingly, high LD regions at a high genetic distance were observed in each genome. These high LD regions which were among low LD regions are called LD hotspots. Visibly, LD hotspot regions in genome A and D were higher than those in genome B. According to the LD significance level between the markers, the ratio of the number of significant to non-significant markers was higher in genome D (6%) and A (5%) than in genome B (4%) which means that genome B had the highest number of markers in non-significant LD (Table [5](#Tab5){ref-type="table"}). Therefore, it is very important to understand the structure of LD in the wheat population and the distribution of LD hotspot regions in each genome. Understanding the LD structure enables to identify the genetic regions associated with agronomic traits and determining the density of markers needed to associate the genotypes with the studied traits \[[@CR16]\].

The pattern and number of LD hotspots in the genome provide useful information in determining marker density. The greater the recombination rate, the greater the need for higher marker density as the greater chance for the LD to be broken by a recombination event when QTL and the marker are close together \[[@CR41]\]. By looking at the LD plot including the three genomes (supplementary Figure [2](#MOESM3){ref-type="media"}), hotspots genomic regions were clearly found at a high genetic distance and separated the low LD regions.

Conclusion {#Sec13}
==========

In conclusion, the analysis of population structure and LD decay were genetically dissected in a set of 103 wheat core collection genotypes from different countries. The current material was divided into three possible subpopulations. The most diverse genotypes were found in subpopulation 1 and they can be used in the future breeding program by crossing among parents with target traits. The population structure was also very useful to determine the appropriate GWAS statistical methods that can be used to detect QTLs in these populations. Moreover, the genetic diversity of markers in the current population suggested that the markers are informative and polymorphic. The genetic properties of this population including the number of genotypes and SNP markers allow this population to be used for further genetic studies to genetically improve spring wheat through advanced breeding programs. We identified the distribution of LD hotspots across each genome and the whole genome which provided useful information on the possibility of genomic regions that may include interesting genes.

Methods {#Sec14}
=======

Plant materials {#Sec15}
---------------

A set of 103 spring bread wheat genotypes were obtained from the USDA-ARS worldwide core collection and used in this study. The genotypes are representing fourteen different countries (Table [2](#Tab2){ref-type="table"}). Out of the 103 tested genotypes, fifteen are local varieties that are usually planted in Egypt. The remaining 88 genotypes were from other countries, evaluated in Egypt, and found to perform well. Hence those 88 genotypes were adapted to the Egyptian environmental conditions and would be used as global parents for cultivar improvement.

DNA extraction, genotype-by-sequencing (GBS), and SNP calling {#Sec16}
-------------------------------------------------------------

DNA was extracted from all the tested genotypes from 2 to 3 leaves of 2 weeks old seedlings using BioSprint 96 DNA Plant Kits (Qiagen, Hombrechtikon, Switzerland). The extracted DNA was digested for GBS purpose using two different restriction enzymes, *PstI* and *MspI.* The Illumina, Inc. NGS platforms were used to generate the sequencing of the pooled libraries. TASSEL 5.0 v2 software GBS pipeline was used to identify SNPs \[[@CR42]\]. Chinese Spring genome v1.0 from the International Wheat Genome Sequencing Consortium (IWGSC) was used as a reference genome for SNP calling and GBS tags were aligned using Burrows-Wheeler Aligner \[[@CR43]\]. Generated SNPs were filtered for minor allele frequency (MAF) less than 5%, missing data less than 20%, missing genotypes less than 30%, and maximum heterozygosity 35%.

Data analysis {#Sec17}
-------------

### Genetic properties of markers {#Sec18}

Genetic diversity statistics of all the 36,720 SNP markers such as polymorphic information content (PIC), gene diversity, percentage of heterozygosity, and minor allele frequency (MAF) were calculated using PowerMarker software V 3.25 \[[@CR44]\]. The following formula was used to calculate the PIC according to \[[@CR31]\]. $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
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                \begin{document}$$ PIC=1-{\sum}_{j=1}^n{P}_{ij}^2-{\sum}_{j=1}^{n=1}{\sum}_{k=j+1}^n2{P}_{ij}^2{P}_{ik}^2 $$\end{document}$$

Where P~ij~ and P~ik~ are the frequencies of j~th~ and k~th~ alleles for marker i, respectively.

### Analysis of population structure {#Sec19}

To estimate the number of subpopulations in the current tested genotypes, a model-based (Bayesian) method with the filtered SNPs (36,720) was used. STRUCTURE 3.4.0 software was used to analyze population structure \[[@CR45]\]. Burn-in iteration was 100,000 followed by 100,00 Markov chain Monte Carlo (MCMC) replications after burn-in for each run. In this analysis, allele frequencies and the admixture correlated models were considered. Five impended iterations were used in the STRUCTURE. The hypothetical number of the subpopulation (k) extended from 1 to 10. STRUCTURE HARVESTER \[[@CR46]\] was used to identify the best k, where k is the number of subpopulations \[[@CR47]\]. The genetic distance among the tested genotypes was calculated using TASSEL v.5.2.5 software \[[@CR42]\]. Based on this genetic distance, principal coordinate analysis (PCoA) was performed.

### Analysis of molecular variance (AMOVA) and genetic diversity indices {#Sec20}

For this analysis, 14,400 SNPs based on the highest PIC values (from 0.282 to 0.375) were used. The number of subpopulations based on the STRUCTURE analysis was considered in the AMOVA. The genetic indices such as fixation index (F~st~), different alleles (*Na*), number of effective alleles (*Ne*), Shannon's index (*I*), the diversity index (*h*), the unbiased diversity index (*uh*), and percentage of polymorphic loci (*PPL*) were calculated. The AMOVA and estimation of genetic indices were performed using GenAlex 6.41 \[[@CR48]\].

### Linkage disequilibrium (LD) structure {#Sec21}

The LD between each pair of the 36,720 SNPs was calculated as the squared allele frequency correlation coefficient (*R*^2^) using TASSEL v.5.2.5 software \[[@CR42]\]. The LD was calculated separately for each chromosome in each genome (A, B, and D) in order to understand the structure of LD in the current population. To identify the significant LD, Bonferroni correction (α = 0.01) was applied \[[@CR12]\]. The kinship matrix between the tested genotypes as well as the LD decay for each genome was calculated using GAPIT, R package \[[@CR49]\].

Haplotype block analysis {#Sec22}
------------------------

In each genome, the chromosome contains the highest significant LD percentage was tested for the number of haplotype blocks using Haploview 4.2 software \[[@CR50]\]. To perform this, the SNP data for the target chromosome was used to calculate the pair-wise LD between SNPs. The haplotype blocks were constructed using the four-gamete method and a cutoff 1% was used \[[@CR51], [@CR52]\].

Supplementary information
=========================

 {#Sec23}

**Additional file 1: Table S1.** List of genotypes in each subpopulation and their country. **Additional file 2: Figure S1.** The rate of linkage disequilibrium (LD) decay of the 103-spring wheat based on the 36,720 SNP markers. **Additional file 3: Figure S2.** Haplotype block analysis represents the number of haplotype blocks on: (a) chromosome 2D, (b) chromosome 5A, and chromosome 7B.
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